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ABSTRACT 
Cyclic c u r r e n t  s t e p  measurements during t h e  Ag-Ag 0 oxidat ion 2 
p l a t e a u  have been made. The r e s u l t s  of measurements are  very 
s i m i l a r  t o  those obtained from systems (Ag-Ag(NH )+ (FeC2-Fe 
where t h e  overvol tage i s  dependent on d i f f u s i o n  of an e l e c t r o -  
active spec ie s  t o  t h e  s u r f a c e  of an e l ec t rode .  The exchange 
c u r r e n t  d e n s i t y ,  io, c a l c u l a t e d  from t h e  r e l a t i o n s h i p  developed 
by Wijnen and Smit5 decreases  from 1.44 m a / c m  
along t h e  Ag-Ag 0 plateau.  
+3 
) 3 2’ 
2 2 t o  0.75 m a / c m  
2 
The changes i n  t h e  ohmic r e s i s t a n c e  of  t h e  s i l v e r  oxide 
f i lm  formed i n  0.0543, 0,109, 1.09, 5.43, and 10.9 F KOH have 
been measured. The maximum r e s i s t a n c e  of t h e  oxide measured 
i n  t h e s e  e l e c t r o l y t e s  w a s  0.31, 0.28, 2.44, 5.15, and O.16Rcm . 
Evidence f o r  a proposed explanat ion of t h e  changes which occur 
i n  t h e  oxide f i lm  resistance i s  presented,  Experiments w e r e  
performed which show t h a t  two r educ t ion  r e a c t i o n s ,  Ago-Ag20 and 
Ag20-Ag, proceed simultaneously a t  about equal  rates during t h e  
f i r s t  reduct ion p l a t eau  u n t i l  a l l  of t h e  Ago i s  reduced. 
2 
Charge acceptance by s i lver  f o i l  and w i r e  e l e c t r o d e s  as a 
funct ion of app l i ed  p o t e n t i a l  under p o t e n t i o s t a t i c  condi t ions 
has  been measured. 
evolut ion.  These occur a t  p o t e n t i a l s  of 0.34, 0.56, and 0.66 
v o l t  vs. Hg/HgO. At: 0.66 v. an eleven-fold inc rease  over t h e  
charge acceptance a t  0.56 w a s  observed. 
Three maxima are  observed be fo re  oxygen 
The e f f e c t s  of t ens ion  and t o r s i o n  on t h e  charge acceptance 
of s i lver  w i r e  e l e c t r o d e s  during t h e  f i r s t  oxidat ion p l a t eau  
have been s tud ied .  No inc rease  o r  decrease i n  charge acceptance 
w a s  observed. 
S E C T I O N  I 
1 
KINETIC STUDIES OF THE OXIDATION OF SILVER 
I N  ALKALINE ELECTROLYTE 
In t roduc t ion  
1 It w a s  r epor t ed  t h a t  t h e  high double l a y e r  capaci tance of t h e  
unoxidized s i l v e r  e l e c t r o d e  i n  KOH prevented c y c l i c  c u r r e n t - s t e p  (c.c.s.) 
measurements from being made on t h i s  system. However, once t h e  oxide 
f i lm has formed, t h e  double l a y e r  capaci tance drops rapidly. 2Y3 
Because of t h e  decrease i n  capaci tance a f t e r  t h e  oxide f i l m  forms, 
C.C.S. measurements have been made during t h e  Ag-Ag 0 plateau.  
shape of  t h e  ~7 
i s  i d e n t i c a l  t o  t h e  hne versus 1/Jf curves  obtained i n  t h e  f e r rous -  
f e r r i c  and Ag-Ag (NH ) 4- systems (compare t h e  bqe curves 
The 2 
versus l/Jf curves obtained i n  t h e  Ag-Ag 0 system e 2 
r epor t ed  3 2  
1 h e r e  wi th  those  r epor t ed  r e c e n t l y ) .  This shows t h a t  t h e  concen- 
t r a t i o n s  of t h e  ra te  c o n t r o l l i n g  spec ie s  behave as  i f  they are 
d i f f u s i o n  dependent. However, t h i s  a lone  i s  n o t  s u f f i c i e n t  evidence 
t o  show a d i f f u s i o n  dependent r e a c t i o n  mechanism. 
The s tudy of t h e  oxide f i lm  r e s i s t a n c e  has been continued. 
1 
I n  a 
previous r e p o r t  t h e  e f f e c t  of e l e c t r o d e  cyc l ing  and oxide th i ckness  
on t h e  ohmic r e s i s t a n c e  w a s  presented. This r e p o r t  con ta ins  resist- 
ance and charge acceptance measurements which w e r e  made i n  va r ious  
concen t r a t ions  of KOH. 
d a t a  i s  proposed. The explanat ion considers  t h e  type of charge 
car r ie r  which i s  passing through t h e  oxide f i lm  a t  any given t i m e  
and assumes t h a t  t h e  ohmic r e s i s t a n c e  of t h e  f i l m  t o  t h e  passage of 
e l e c t r o n s  i s  much less than t h e  ohmic r e s i s t a n c e  t o  t h e  passage of 
i ons  (Ag , OH- , o r  0-) . 
An explanat ion of t h e  oxide f i l m  r e s i s t a n c e  
- + 
Experimental 
The modified apparatus  f o r  C.C.S. measurements i s  descr ibed i n  
a previous r e p ~ r t . ~  
made by us ing  a calomel r e fe rence  e l e c t r o d e  and a Luggin c a p i l l a r y  
i n s t e a d  of t h e  l a r g e  counter  e l e c t r o d e  t o  measure t h e  p o t e n t i a l  
changes of t h e  test e l e c t r o d e  (see Figure 1). The C.C.S. measurements 
were made a t  va r ious  p o i n t s  a l o n g  t h e  Ag-Ag 0 p la t eau  during t h e  
ox ida t ion  of t h e  s i l v e r  e l e c t r o d e  i n  KOH. In Figure 4 t h e  po in t s  
a long  t h e  po ten t i a l - t ime  curve where t h e  i measurements w e r e  made 
are shown. To make t h e  series of  i measurements shown i n  Figure 4 
an e l e c t r o d e  w a s  oxidized w i t h  d i r e c t  c u r r e n t  t o  t h e  f i r s t  point, (2), 
i nd ica t ed  i n  Figure 4 ( a t  0.2 minutes) .  The d.c. w a s  then i n t e r r u p t e d  
and t h e  emf of t h e  test  ce l l  w a s  balanced w i t h  t h e  vo l t age  d i v i d e r  




s o  t h a t  an ox id iz ing  c u r r e n t  of less than l p a  w a s  flowing. The C.C.S. 
measurements w e r e  then made as previously described4 by observing 
t h e  change i n  t h e  magnitude of t h e  peak-to-peak e l e c t r o d e  vol tage,  
AT*, caused by changing t h e  square-wave frequency from 4-100 Hz. 
r e s u l t s  are presented as  a p l o t  of AT 
When t h e  C.C.S. measurements a t  t h e  f i r s t  po in t  are complete t h e  
e l e c t r o d e  i s  f u r t h e r  oxidized t o  t h e  second po in t  and t h e  procedure 
is repeated u n t i l  t h e  series of i determinat ions during the  Ag-Ag 0 
p l a t e a u  shown i n  Figure 4 i s  f in i shed .  
The 
ve r sus  1/ff (see Figure 3 ) .  e 
0 2 
The method f o r  measuring the oxide f i l m  r e s i s t a n c e  w a s  descr ibed 
I i n  a previous r e p o r t .  The temperature f o r  a l l  r e s i s t a n c e  and 
charge acceptance measurements w a s  25.0 5 0.1 0 C. 
The apparatus  f o r  t h e  charge acceptance d a t a  i s  shown i n  Figure 2. 
Determinations of t h e  ratio, r, (r is  def ined i n  t h e  Resul ts  and Discussion 
Sec t ion )  were made from t h e  charge acceptance da ta  as fol lows:  
3 
1. A s i l v e r  f o i l  e l ec t rode  i s  oxidized t o  an a r b i t r a r y  poin t  
on t h e  second p la t eau  where the  cons tan t  cu r ren t  i s  in t e r rup ted  
and t h e  e l e c t r o d e  is  removed from t h e  cell .  The amount of 
ox ida t ion  which has  occurred a t  t h e  p o t e n t i a l  of t h e  second p la t eau  
up t o  t h i s  " p o i n t  i s  expressed a s  a percentage of t h e  average 
second p la t eau  length  (see Figure 7) .  
2. The s i l v e r  oxides a r e  d isso lved  o f f  t h e  e l ec t rode  wi th  
0.5 F NH OH and t h e  t o t a l  s i l v e r  i n  the  r e s u l t i n g  so lu t ion  i s  
measured wi th  a Perkin E l m e r  303 atomic absorp t ion  spectrograph. 
4 
3 .  
below. 
The va lue  of  r i s  then ca l cu la t ed  from t h e  equation given 
[a + (1 - r) b) = y I (eq, wt . )  F 
where y = mg of s i l v e r  determined by atomic absorp t ion  
a = t i m e  i n  seconds f o r  t h e  f i r s t  oxidat ion p la teau  
b = t i m e  i n  seconds of ox ida t ion  a t  t h e  second p la teau  
before  t h e  cu r ren t  is  in t e r rup ted  
I = d i r e c t  cu r ren t  flow 
F = Faraday cons tan t  
eq. w t .  = equiva len t  weight of s i l v e r  
This equat ion r e l a t e s  t h e  experimental ly  measured t o t a l  s i l v e r ,  p, 
t o  t h e  coulometr ica l ly  ca l cu la t ed  t o t a l  s i l v e r .  
included i n  t h e  coulometric c a l c u l a t i o n  t o  account f o r  t h e  amount 
of charge which goes t o  t h e  formation ofAgO o r  zdsorbed atomic 
oxygen from Ag 0. 
The r a t i o  r i s  
2 
Resul t s  and Discussion 
Cycl ic  Current-Step Measurements 
Cycl ic  c u r r e n t - s t e p  measurements expressed as a graph of e l e c t r o d e  
4 
vo l t age  response ~q 
l i n e a r  region which decreases  r a p i d l y  a t  h igh  frequencies .  
r a p i d  decrease i s  caused by t h e  double l a y e r  capaci tance of t h e  
e l ec t rode .  A s  previously r epor t ed  t h e  double l a y e r  capaci tance on 
ve r sus  1/Jf where f i s  the  frequency, show a 9 
This 
1 
t h e  unoxidized e l e c t r o d e  is  so high t h a t  no l i n e a r  region wi th  a 
p o s i t i v e  i n t e r c e p t  i s  obtained from C.C.S. measurements. As an 
oxide f i lm  forms, a l i n e a r  region appears and t h e  l eng th  of t h i s  
l i n e a r  region inc reases  as t h e  oxide f i lm  thickness  inc reases .  This 
i s  i n  accordance w i t h  r e s u l t s  previously r epor t ed  and a l s o  with 
t h e  f ind ings  of Cahan and coworkers which show a l a r g e  decrease i n  
2 
3 
double l a y e r  capaci tance as t h e  Ag 0 f i lm  forms. Thus t h e  double 
l a y e r  capac i t ance  w i l l  have less and less e f f e c t  on t h e  vo l t age  
2 
response of t h e  e l e c t r o d e  as more oxide forms. Figure 3 shows 
t h a t  j u s t  be fo re  t h e  second oxidat ion p l a t e a u  is  reached, t h e  l i n e a r  
po r t ion  of t h e  p l o t  extends up t o  about 40 Hz, whereas nea r  t h e  begin- 
n ing  of the f i r s t  p l a t eau  t h e  ? lo t '  i s  l i n e a r  only t o  about 10 Hz. 
The C.C.S. d a t a  f o r  t h e  Ag-Ag20 e l e c t r o d e  (Figure 3) are similar 
t o  p l o t s  obtained by Wijnen and Smit5 and a l s o  t o  our r e s u l t s '  f o r  
systems i n  which t h e  concen t r a t ion  of t h e  e l e c t r o a c t i v e  spec ie s  a t  
t h e  s u r f a c e  of t h e  e l e c t r o d e  i s  d i f f u s i o n  dependent. Although t h e  
theory of Wijnen and Smit' w a s  based on a d i f f u s i o n  dependent model 
which may n o t  apply t o  t h e  case of an oxide covered e l ec t rode ,  f o r  
purposes of comparison t h e  d a t a  r epor t ed  h e r e  w i l l  be r epor t ed  i n  





where i i s  t h e  square wave c u r r e n t  dens i ty ,  bqe i s  t h e  measured A 
5 
vol tage  response of t h e  working e l ec t rode ,  and R, T, n ,  and F 
have t h e i r  u sua l  e lectrochemical  s ign i f i cance .  The da ta  i n  Table 
1 show a decrease i n  i values  from 1.44 t o  0.75 m a / c m  wi th  t i m e  
of ox ida t ion  along t h e  Ag-Ag 0 plateau.  
obtained by Dirske7 from a s i n g l e  pulse  method. 
2 
0 
2 A va lue  of 2 ma/cm w a s  2 
A p l o t  of io versus  t i m e  i s  shown i n  Figure 4. Before a simple 
func t iona l  r e l a t i o n s h i p  between i and t i m e  can be shown, t h e  e f f e c t  
of cu r ren t  i n t e r r u p t i o n  on t h e  p la teau  length must be overcome. 
Each i n t e r r u p t i o n  of t h e  d.c. ox ida t ion  i n  order  t o  make a C.C.S. 
measurement tends t o  lengthen t h e  f i r s t  p la teau  a t  t h e  expense of 
t h e  second p la t eau ,  
0 
A s  mentioned above, t h e  equat ions developed by Wijnen and 
6 Smit are based on t h e  w e l l  e s t ab l i shed  model which r e l a t e s  t h e  
e l e c t r o d e  ove rpo ten t i a l  t o  d i f f u s i o n  of t h e  e l e c t r o a c t i v e  species .  
The f a c t  t h a t  t h e  experimental  p l o t s  resemble those  from systems 
f o r  which t h e  theory app l i e s  i s  evidence of d i f f u s i o n  dependence. 
Experiments performed by Dirkse and D e  Roos” i n d i c a t e  t h a t  t h e  
formation of Ag 0 i s  c o n t r o l l e d  by OH’ d i f fus ion .  Therefore,  i f  a 2 
reac t ion  of t h e  type 
2Ag + 20H- = Ag 0 + H20 + 2e- 2 
i s  t ak ing  p l ace  a t  t h e  su r face  of t h e  e l e c t r o d e ,  then t h e  e l ec t rode  
overvol tage may be  dependent upon t h e  d i f f u s i o n  of t h e  OH- ions.  
I f ,  however, t h e  concent ra t ion  of t h e  e l e c t r o a c t i v e  spec ies  involved 
i n  t h e  r a t e  c o n t r o l l i n g  s t e p  of t h e  r eac t ion  is n o t  dependent on 
d i f f u s i o n  from t h e  bulk  e l e c t r o l y t e ,  then t h e  equat ions of Wijnen 
and Smit should n o t  apply.  In t h i s  case a theory based on another  
model would have t o  be developed which may g ive  
func t iona l  r e l a t i o n s h i p  wi th  frequency, 
a d i f f e r e n t  
6 
Measurements of  Oxide Film Resis tance 
The r e s i s t a n c e  changes which occur during t h e  ox ida t ion  of s i l v e r  
i n  1.09 F KOH have been reported. '  It w a s  pointed ou t  t h a t  it is  
d i f f i c u l t  t o  measure a c c u r a t e l y  t h e  magnitude of t h e  r e s i s t a n c e  peak 
which occurs during t h e  t r a n s i t i o n  from t h e  Ag-Ag 0 t o  t h e  Ag 0-Ago 
plateau.  This i s  because of t h e  l a r g e  and r a p i d  changes i n  t h e  
magnitude and shape of t h e  osc i l l o scope  waveform during t h i s  t ransi t ion. .  
Cahan and coworkers3 a l s o  r epor t ed  similar d i f f i c u l t i e s  i n  measuring 
t h e  r e s i s t a n c e  peak during t h i s  t r a n s i t i o n .  
2 2 
A r e s i s t a n c e  curve f o r  t h e  reduct ion of a f u l l y  charged s i l v e r  
e l e c t r o d e  ( in  1.09 F KOH) is  shown i n  Figure 5. Because of t h e  e f f e c t  
of KOH concentrat ion on charge acceptance* 
r e s i s t ance - t ime  curves would a l s o  show a concentrat ion dependence. 
Resistance-time curves were measured during t h e  ox ida t ion  and reduct ion 
of s i l v e r  i n  KOH s o l u t i o n s  of 0,0543 F t o  10.9 F. The r e s i s t ance - t ime  
curves ( t h e  t i m e  scale i s  normalized t o  an a r b i t r a r y  po ten t i a l - t ime  
curve) obtained i n  t h e s e  KOH s o l u t i o n s  are  compared i n  Figure 6. The 
maximum r e s i s t a n c e s  measured during t h e  Ag 0-Ago p la t eau  f o r  each KOH 
2 concentrat ion are compared w i t h  t h e  t o t a l  charging t i m e s  (3.57 m a / c m  
cons t an t  c u r r e n t  charging)  i n  Table 2. 
i t  w a s  expected t h a t  t h e  
2 
Included i n  Table 2 are  t h e  
r e s u l t s  r epor t ed  previously'  which show t h e  e f f e c t  of cyc l ing  on the 
r e s i s t a n c e .  In  each case an i n c r e a s e  i n  charge acceptance caused by 
KOH concen t r a t ion  changes o r  by cyc l ing  is  r e f l e c t e d  by an inc rease  
i n  oxide f i l m  r e s i s t a n c e .  
Cahan and coworkers3 explained t h e  r a p i d  r ise i n  t h e  r e s i s t a n c e  
which occurs  a t  t h e  end of t h e  f i r s t  oxidat ion p l a t eau  as t h e  r e s u l t  
of t h e  change from an e l e c t r o d e  which i s  p a r t i a l l y  covered by t h e  
oxide f i lm  t o  one which i s  completely covered. The subsequent f a l l  
7 
i n  r e s i s t a n c e  was explained i n  terms of the  h igher  conduct iv i ty  of 
t h e  Ago. The e l ec t ron  d i f f r a c t i o n ,  e l ec t ron  microscopy,and X-ray 
s t u d i e s  performed by Thirsk and coworkers'' i n d i c a t e  t h a t  complete 
coverage of t h e  e l e c t r o d e  occurs  e a r l y  i n  t h e  f i r s t  plateau.  Therefore,  
an explanat ion i s  requi red  which depends upon f a c t o r s  o the r  than 
incomplete coverage by t h e  oxide f i lm.  
cons ider  t h e  passage of charge c a r r i e r s  (Ag , OH-, 0-, o r  e - )  through 
a primary Ag20 l aye r  of 50-100 8 cons i s t ing  of randomly or ien ted ,  
smal l  c rys t a l s ,  I f  t he  mechanism f o r  s i l v e r  oxidat ion f i t s  t h e  
theory developed by Mottl' f o r  t h e  formation of oxide f i lms  i n  which 
A poss ib l e  approach i s  t o  
- + 
10 
t h e  r e s i s t a n c e  t o  t h e  passage o f  ions  i s  much g r e a t e r  than t h e  
r e s i s t a n c e  t o  t h e  passage of e l ec t rons ,  then t h e  changes i n  t h e  
r e s i s t a n c e  during an oxidat ion-reduct ion cyc le  can be explained. 
An explanat ion which w e  are consider ing i s  discussed below. 
During t h e  f i r s t  p la teau ,  ions must pass through an Ag 0 2 
l aye r  of increas ing  th ickness .  The r e s i s t a n c e  and p o t e n t i a l  
must rise. When the p o t e n t i a l  i s  high enough, nuc lea t ion  of 
Ago can occur and t h e  Ag20-Ago reac t ion  begins a t  t h e  
electrolyte-Ag 0 interface."  2 
cur ren t  flow through t h e  Ag20 f i lm is  c a r r i e d  by e l e c t r o n s  
r e l eased  by t h e  su r face  r eac t ion  
A t  t h i s  po in t  most of t h e  
Ag20 + 20H- = 2Ag0 4- H20 i- 2 e- 
and a decrease  i n  ohmic r e s i s t a n c e  r e s u l t s .  The r e s i s t a n c e  
inc reases  as t h e  Ago depos i t  b u i l d s  up and 0- o r  OH- a r e  t h e  
charge carriers through t h e  increas ing  th ickness  of Ago. 
About 60% of  t h e  way along t h e  Ago p la teau  ( in  1.09 F KOH) 
- 
8 
t h e  r e s i s t a n c e  begins  t o  decrease and a slow rise i n  e l e c t r o d e  
p o t e n t i a l  is  noted. These r e s u l t s  suggest  t h e  beginning of  
ano the r  r e a c t i o n  a t  t h e  e l e c t r o l y t e - e l e c t r o d e  i n t e r f a c e  such as  
+ H ~ O  + 2e- 2oH- = 'adsorbed 
where less and less of t h e  t o t a l  current-f low through t h e  
underlying oxide i s  c a r r i e d  by ions.  This i s  c o n s i s t e n t  w i t h  
t h e  observat ion t h a t  t h e  oxide f i lm  r e s i s t a n c e  i s  low a t  t h e  
oxygen evo lu t ion  p o t e n t i a l  where t h e  current-f low through 
t h e  oxide f i lm  i s  c a r r i e d  by e l e c t r o n s  which r e s u l t  from t h e  
oxygen producing s u r f a c e  r e a c t i o n .  
I f  , t h e  above madel is  accep tab le ,  w e  should be a b l e  t o  measure 
t h e  fol lowing:  
1. A s i g n i f i c a n t  i nc rease  i n  t h e  r a t i o ,  r ,  towards t h e  end 
of t h e  second ox ida t ion  p l a t eau ,  where 
= QH ' Q t o t a l  and 
Q = t h e  q u a n t i t y  of charge which flows 
during t h e  second ox ida t ion  p l a t eau  
f o r  t h e  formation of Ago o r  adsorbed 
atomic oxygen. 
t h e  t o t a l  charge which flows during 
Qtotal t h e  second oxidat ion plateau.  
An i n c r e a s e  i n  t h e  r a t i o  would i n d i c a t e  t h e  beginning of  a s u r f a c e  
r e a c t i o n  forming atomic oxygen o r  r e l a t e d  spec ie s .  The occurrence 
of a new s u r f a c e  r e a c t i o n  would lead t o  t h e  decrease i n  t h e  oxide 
f i l m  r e s i s t a n c e  which occurs  about  60% of  t h e  way along t h e  second 
p l a t e a u  (see Figure 6) .  
2. The formation of  n i n e  times as much Ago i n  1.09 F KOH as 
i n  0,109 F KOH because t h e  maximum oxide f i lm  r e s i s t a n c e  measured 
during t h e  second oxidat ion p l a t eau  i n  1.09 F KOH i s  about 9 t i m e s  
g r e a t e r  than t h a t  f o r  an e l ec t rode  oxidized i n  0.109 F KOH (see 
Table 2). The proposed model suggests  t h a t  t h e  r e s i s t a n c e  r e s u l t s  
from t h e  hindered passage of ions (OH- o r  O=) through a n ine  t i m e s  
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t h i c k e r  AgO layer .  The experimental  determinat ion of r and t h e  
9 f o l d  d i f f e r e n c e  i n  Ago formation are discussed below. 
Determination of t h e  Rat io ,  r 
The method f o r  determining t h e  r a t i o ,  r, was ou t l ined  i n  t h e  
experimental  sec t ion .  Each r value i s  p l o t t e d  a g a i n s t  t h e  
percentage of t h e  second oxida t ion  p l a t eau  (see Figure 7) .  This 
percentage shows how f a r  along t h e  second p la t eau  t h e  oxidat ion had 
proceeded before  t h e  cu r ren t  w a s  i n t e r rup ted  and t h e  e l ec t rode  
removed. An r value p l o t t e d  a t  100% means t h a t  t h e  oxida t ion  of 
t h e  e l ec t rode  w a s  allowed t o  proceed t o  t h e  end of t h e  second 
p la t eau  where t h e  p o t e n t i a l  rises t o  t h e  O2 evolu t ion  plateau.  
Lower percentages i n d i c a t e  t h e  length  of t h e  i n t e r r u p t e d  second 
p la t eau  compared t o  an average complete second p la t eau  length.  
The r e s u l t s  of t h e  r determinat ions i n  1.09 and 0.10 F KOH a r e  shown 
i n  Figures  7A, B, and C. The curves i n  Figures  7 B  and C were 
obtained i n  oxygen f r e e  e l e c t r o l y t e  which w a s  changed between runs.  
The da ta  i n  Figure 7A w e r e  obtained i n  t h e  same manner except t h a t  
t h e  e l e c t r o l y t e  w a s  no t  changed between runs.  The d i f f e rence  could 
be  caused by small amounts of silver ion present  i n  t h e  e l e c t r o l y t e  
from t h e  s o l u b i l i t y  of s i l v e r  oxide i n  KOH, 
is t h a t  a l l  t h r e e  curves show a s i g n i f i c a n t  r ise i n  r between 60 
and 100% of t h e  second p la teau .  
i n  oxide  f i lm r e s i s t a n c e  which occurs  i n  t h e  l a t te r  po r t ion  of  t h e  
second oxida t ion  p l a t eau  ( in  1.09 P KOH) is  an inc rease  i n  t h e  r a t i o  r, 
This inc rease  i n  r suggests  t h e  beginning of a t h i r d  r e a c t i o n  (such 
The important f a c t  
Thus, a s soc ia t ed  wi th  t h e  decrease  
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as atomic oxygen formation a t  t h e  e l e c t r o d e  s u r f a c e )  about 60% of 
t h e  way along t h e  second plateau.  
AaO Charge Acceptance Data 
Our experimental  d a t a  show t h a t  t h e  charge acceptance during 
t h e  second p l a t e a u  i n  1.09 F KOH i s  about 3 t i m e s  g r e a t e r  than i n  
0.109 F KOH. Comparison of Figures 7B and 7C shows t h a t  t h e  r a t i o ,  
r y a t  6 0 %  of  t h e  second p l a t e a u  is 2-4 times g r e a t e r  i n  1.09 F KOH. 
Therefore,  t h e  t o t a l  amount o f  Ago formed i n  1.09 F KOH i s  6-12 t i m e s  
g r e a t e r  than i n  0.109 F KOH because a g r e a t e r  amount (2-4 t i m e s )  of 
t h e  3 f o l d  l a r g e r  second p l a t e a u  charge acceptance goes t o  t h e  
formation of Ago. The observat ion t h a t  6-12 t i m e s  more Ago i s  
formed i n  t h e  1.09 F KOH supports  t h e  v i e w  t h a t  t h e  9 f o l d  i n c r e a s e  
i n  oxide r e s i s t a n c e  measured i n  t h e  1.09 F KOH is  caused by t h e  
g r e a t e r  amount of Ago formed. 
In  a d d i t i o n  t o  making measurements of t h e  r a t i o ,  r r  during t h e  
second ox ida t ion  p l a t eau ,  w e  made a s i m i l a r  set of measurements of 
r '  during t h e  f i r s t  reduct ion p l a t eau  ( in  1.09 F KOH). 
r' = Q', Q l t o t a l  
Q', = t h e  quan t i ty  of  charge which flows during t h e  f i r s t  
Q ' t o t a l  
reduct ion p l a t eau  f o r  t h e  r educ t ion  of Ago t o  Ag 0 2 
= t h e  t o t a l  charge which flows during t h e  f i r s t  
reduct ion p l a t e a u  
The determinat ion of r '  i s  made i n  a s i m i l a r  manner t o  t h e  determinat ion 
of r (see Experimental s e c t i o n ) .  For t h e  determinat ion of  r '  t h e  
e l e c t r o d e  i s  f i rs t  oxidized t o  t h e  oxygen evolut ion p l a t eau  and then 
i t  i s  reduced t o  a p r e s e l e c t e d  po in t  a long t h e  f i r s t  reduct ion a t  
which t i m e  t h e  c u r r e n t  i s  i n t e r r u p t e d  and t h e  e l e c t r o d e  i s  removed 
from t h e  ce l l  and t h e  s i l v e r  oxides  d i s so lved  i n  0.5 F NJ!l40H. The 
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parameter,  c y  i n  t h e  equat ion below is t h e  time from the  beginning 
of reduct ion  t o  t h e  po in t  where t h e  cu r ren t  w a s  i n t e r rup ted .  The 
f i r s t  of t h e  t h r e e  terms on t h e  l e f t  s i d e  of t h e  equat ion i s  t h e  
weight of s i l v e r  ox id ized  t o  Ag 0 dur ing  t h e  f i r s t  ox ida t ion  p la teau .  2 
The second term is the  weight of s i l v e r  oxidized t o  Ag20 during t h e  
second ox ida t ion  p la teau .  
course ,  i n c r e a s e  t h e  weight of s i l v e r  which is  present  a s  an oxide) .  
The t h i r d  term i s  t h e  weight of s i l v e r  reduced from t h e  oxide t o  
t h e  metall ic s t a t e  during t h e  f i r s t  reduct ion  p la teau .  The a l g e b r a i c  
sum of t h e s e  terms i s  t h e  weight of s i l v e r ,  y ,  p resent  as t h e  oxide 
a t  t h e  po in t  of cu r ren t  i n t e r r u p t i o n .  This s i l v e r  oxide i s  d isso lved  
from t h e  e l e c t r o d e  i n  ammonia so lu t ionand  determined by atomic absorp t ion .  
(Oxidation of Ag 0 t o  Ago does n o t ,  of 2 
I (eq. wt.) 
F 
c = t h e  t i m e  i n  seconds 
rloo = t h e  r a t i o ,  r, a t  
E + (1-rlO0)b - ( l - r ' ) c ]  = y 
f o r  t h e  f i r s t  reduct ion  p l a t eau  
100% 
a,  b, y w e r e  previously def ined 
The va lue  of r '  i s  0.45 2 0.13 dur ing  t h e  f i r s t  reduct ion p l a t eau  
i n  1.09 F KOH a t  1.5 m a / c m  . The da ta  a l s o  show t h a t  t h e  reduct ion  
of Ago a t  t h e  end of  t h e  f i r s t  reduct ion  p l a t eau  i s  complete. 
Therefore ,  two reduct ion  r e a c t i o n s  Ago-Ag 0 proceed s imultaneously 
a t  about equal  rates ( r '  = 0.5) during t h e  f i r s t  reduct ion  p l a t eau  
u n t i l  a l l  of t h e  Ago i s  consumed. When a l l  of t h e  Ago is reduced, 




S E C T I O N  I1 
SURFACE AREA ESTIMATION 
In t roduc t ion  
This  s e c t i o n  of t h e  r e p o r t  d e a l s  w i th  t h e  development of methods 
f o r  t h e  es t imat ion  of t h e  e f f e c t i v e  e l e c t r o l y t i c  s u r f a c e  area of 
rough and porous s i l v e r  e l ec t rodes .  Two approaches t o  t h e  problem 
have been used. The f i r s t  i s  t h e  es t imat ion  of t h e  e f f e c t i v e  
s u r f a c e  a r e a  from da ta  obtained from cons tan t  c u r r e n t  ox ida t ions .  
This  method i s  based on t h e  assumption t h a t  ox ida t ions  a t  equal  
cu r ren t  d e n s i t i e s  have equal  depths  of pene t r a t ion  of t h e  s i l v e r  i n  
forming the  oxide layer .  This assumption a l lows  c a l c u l a t i o n  of  t h e  
e f f e c t i v e  s u r f a c e  a rea  from da ta  obtained from t h e  comparison of 
ox ida t ions  of smooth e l e c t r o d e s  of known a rea  t o  ox ida t ions  of 
e l e c t r o d e s  of unknown s u r f a c e  area.’ The second approach used i s  
t h e  es t imat ion  of t h e  e f f e c t i v e  e l e c t r o l y t i c  s u r f a c e  a r e a  from data  
obta ined  from ox ida t ions  a t  cons tan t  p o t e n t i a l ,  i .e.,  p o t e n t i o s t a t i c  
ox ida t ions .  Here t h e  assumption i s  made t h a t  a t  ox ida t ions  a t  
equal  app l i ed  p o t e n t i a l  t h e  t o t a l  charge acceptance pe r  u n i t  a r e a  w i l l  
be  equal. Based on t h i s  assumption a comparison of t h e  t o t a l  charge 
acceptance per  u n i t  a r ea  of a smooth e l e c t r o d e  of known a rea  t o  t h e  
t o t a l  charge acceptance of an e l e c t r o d e  of unknown area y i e l d s  d a t a  
f o r  c a l c u l a t i o n  of t h e  e f f e c t i v e  s u r f a c e  a rea  of t he  unknown e l ec t rode .  4 
A comparison of t h e  r e s u l t s  of t h e  two methods, given i n  a previous 
r e p o r t ,  showed t h a t  t h e  p o t e n t i o s t a t i c  runs y i e lded  h igher  va lues  
f o r  e f f e c t i v e  s u r f a c e  a r e a s  than d id  t h e  cons t an t  c u r r e n t  runs. The 
agreement w a s  p a r t i c u l a r l y  poor f o r  t h e  porous s i n t e r e d  s i l v e r  
e l e c t r o d e s  wi th  t h e  p o t e n t i o s t a t i x  experiments g iv ing  r e s u l t s  about 
20% higher .  The work o f  Wales and Simon has ind ica t ed  t h a t  a t  cons tan t  
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15 c u r r e n t  t h e  depth  of ox ida t ion  v a r i e s  wi th  p a r t i c l e  s i z e  and shape. 
These f a c t o r s  have prompted (1) f u r t h e r  s t u d i e s  of t he  charge 
acceptance of s i l v e r  e l e c t r o d e s  under p o t e n t i o s t a t i c  condi t ions  and 
(2) a s tudy of t h e  oxida t ion  of s i l v e r  i n  t h e  pores of a model porous 
e lec t rode .  
Experimental 
A l l  p o t e n t i o s t a t i c  ox ida t ions  were c a r r i e d  out  i n  0.1 N KOH 
s o l u t i o n  which had been s a t u r a t e d  i n  Ag20 t o  prevent  d i s s o l u t i o n  of 
t h e  oxide f i lm.  
e l e c t r o d e s  w e r e  used: (1) vapor depos i ted  f i lm  e l e c t r o d e s ;  ( 2 )  s i l v e r  
d i s c s  of 1.26 cm diameter  punched from s i l v e r  f o i l  0.051 cm t h i c k ;  
(3)  s i l v e r  w i r e  of 0.49 mm diameter .  The f o i l  and w i r e  e l ec t rodes  
w e r e  c leaned wi th  ab ras ive  c l e a n s e r  and r in sed  i n  d i s t i l l e d  water 
and then KOH s o l u t i o n .  They were then oxidized immediately t o  avoid 
s u r f a c e  contamination. The length  of t h e  w i r e  t h a t  was oxidized was 
measured a f t e r  each run i n  o rde r  t o  c a l c u l a t e  t h e  s u r f a c e  a rea  of 
t h e  w i r e  involved i n  t h e  r eac t ion .  
0 The runs  were made a t  20.0 5 0.1 C. Three types of 
The c u r r e n t  and t h e  i n t e g r a l  o f  t h e  cu r ren t  vs. time w e r e  s i m -  
u l taneous ly  recorded f o r  a l l  p o t e n t i o s t a t i c  ox ida t ions .  The c i r c u i t r y  
used i n  ob ta in ing  t h e s e  record ings  i s  given i n  Figure 11 of t h e  second 
q u a r t e r l y  report!4 The i n t e g r a l  of t h e  c u r r e n t  vs. t i m e  gave t h e  
t o t a l  charge acceptance.  
ox ida t ions ,  reduct ions  a t  cons t an t  cu r ren t  w e r e  made as a check on 
t h e  t o t a l  charge acceptance.  
temperature  and i n  t h e  same e l e c t r o l y t e  a s  were t h e  p o t e n t i o s t a t i c  
ox ida t ions .  A l l  reduct ions  were made a t  a cons tan t  c u r r e n t  of 1.000 
f. 0.001 ma. 
Immediately a f t e r  some of these  p o t e n t i o s t a t i c  
These reduct ions  were made a t  t h e  same 
Theextent  of t h e  oxida t ion  under p o t e n t i o s t a t i c  condi t ions  was 
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determined by t h e  amount of time requi red  f o r  t h e  c u r r e n t  t o  drop 
t o  a cons t an t  background c u r r e n t ,  on t h e  o rde r  of 40 pamps/cm. 2 
For t h e  s tudy of t h e  oxida t ion  o f  s i l v e r  w i th in  pores ,  a model 
porous e l e c t r o d e  c o n s i s t i n g  of a bundle of s i l v e r  w i r e s  i n  a g l a s s  
c a p i l l a r y  was cons t ruc t ed  a s  shown i n  Figure 15,(a). 
Electrical connection (A) w a s  made through a serum cap (B). A 
0.1 F KOH s o l u t i o n  was forced by g r a v i t y  flow t o  pass  through arm (C). 
A t h i c k  wal led c a p i l l a r y  (D) wi th  a base of 1.5 mm contained a bundle 
of  seven s i l v e r  w i r e s .  Each w i r e  w a s  0.5 mm i n  diameter  and 7 cm long. 
An enlarged  end view of t h e  s i l v e r  wires and c a p i l l a r y  tube i s  shown 
i n  F igure  lS(b). The g l a s s  c a p i l l a r y  w a s  c a l i b r a t e d  wi th  etched d i v i s i o n s  
a t  2 mm sepa ra t ion  on i t s  sur face .  
Resu l t s  and Discussion 
The t o t a l  charge acceptance a s  a func t ion  of appl ied  p o t e n t i a l  
f o r  s i l v e r  e l e c t r o d e s  i s  given i n  Figure 8 and Table 3. In  t h e  
d i scuss ion  which fol lows f i v e  regions--1 t o  V--of Figure 8 a r e  
considered. Graphs, of cu r ren t  vs. t i m e ,  t y p i c a l  of each region of 
charge acceptance a r e  given i n  Figures  9 t o  14. Considerable 
d i f f e r e n c e s  i n  t h e  shapes of t hese  graphs,  i n  t h e  t i m e s  t o  reach 
t h e  background c u r r e n t ,  and i n  t h e  magnitudes of t h e  cu r ren t  a r e  
observed. 
The f i r s t  measurable oxide formation occurs  a t  approximately 
0.27 v o l t  versus  the  Hg-HgO re fe rence  e l ec t rode .  A s  t h e  p o t e n t i a l  
i s  increased  from t h i s  value t o  0.335 v o l t s  an inc rease  i n  charge 
acceptance t o  145 mcoul/cm2 is observed a s  ind ica t ed  i n  region I 
of Figure 8. 
Fleischmann and Thirsk'' have repor ted  t h a t  a t h i n  s i l v e r  oxide 
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f i lm  of s m a l l  randomly o r i en ted  c r y s t a l l i t e s  i s  formed under 
condi t ions  s i m i l a r  t o  those of region I here.  They suggest t h a t  
t h i s  f i l m  c o n t r o l s  t h e  rate of r e a c t i o n  and t h e  ex ten t  of charge 
acceptance.  
A s  t h e  p o t e n t i a l  is increased  from 0.335 t o  0.400 v o l t  t h e  charge 
2 acceptance decreases  from 145 t o  65 mcoul/cm 
11. The comparison of Figure 9 with Figure 10 shows t h a t  t h e  
c u r r e n t  i s  h igher  i n i t i a l l y  a t  t h e  h igher  p o t e n t i a l  bu t  t h e  t i m e  
r equ i r ed  t o  reach t h e  background cu r ren t  i s  much less. Therefore ,  
t h e  t o t a l  charge accepted ( the  a rea  under the  cur ren t - t ime curve)  
i s  smaller a t  t h e  h igher  p o t e n t i a l .  Since t h e  r a t e  and ex ten t  of 
t h e  r e a c t i o n  are con t ro l l ed  by t h e  i n i t i a l  oxide f i lm,  i t  seems 
poss ib l e  t h a t  t h e  h igher  p o t e n t i a l  has  produced a t h i c k e r  f i lm.  
This a l lows r a p i d  growth of oxide a t  f i r s t ,  on t h e  su r face  of t h e  
f i lm,  but  a s  a g r e a t e r  cu r ren t  dens i ty  is  forced t o  flow through 
t h i s  f i lm  t h e  r e s i s t a n c e  t o  cu r ren t  f low inc reases  much more quickly.  
A t  t h e  lower p o t e n t i a l  t h e  i n i t i a l  f i l m  i s  no t  a s  t h i c k ,  and growth 
on t h e  su r face  of t h e  f i l m  may cont inue f o r  a longer period of 
t i m e ,  r e s u l t i n g  i n  more change acceptance p e r  u n i t  area.  Analysis  
of t h e  cur ren t - t ime p l o t s  i n  l i g h t  of t h i s  suggested model i s  no t  
y e t  complete. 
as ind ica t ed  i n  region 
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A s  ind ica ted  i n  region 111 of Figure 8 t h e  inc rease  of p o t e n t i a l  
from 0.400 t o  0,554 v o l t  r e s u l t s  i n  t h e  charge acceptance increas ing  
from 65 t o  130 mcoul/cm . The next  increase  of p o t e n t i a l ,  t o  0.560 
v o l t ,  r e s u l t s  i n  an almost four - fo ld  increase  i n  charge acceptance,  
486 mcoul/cm Af te r  t h i s  second maximum t h e  charge acceptance 




0.610 v o l t  shown as region I V  of  Figure 8. The current- t ime curves 
i n  Figures  11 and 12  show t h e  changes i n  t h i s  region. Figure 11 shows 
an increase i n  t h e  rate of t h e  r e a c t i o n  a f t e r  a s h o r t  period of t i m e  
and then a decrease t o  t h e  background c u r r e n t .  This second c u r r e n t  
peak appears ea r l i e r  i n  t h e  r e a c t i o n  a t  h ighe r  p o t e n t i a l s ,  Figure 12. 
The second c u r r e n t  peak grows i n  magnitude w i t h  increased y o t e n t i a l  
u n t i l  a t  0.6606 i t  i s  g r e a t e r  than t h e  f i r s t  c u r r e n t  peak, Figure 13. 
A t  t h e  evo lu t ion  of oxygen, Figure 14, t h e  f i r s t  and second peaks 
are  s o  c l o s e  toge the r  t h a t  they appear t o  be  one peak on t h e  time 
scale a t  which t h e  current- t ime p l o t s  w e r e  recorded. 
Seve ra l  r u n s  were made a t  t h e  p o t e n t i a l  given i n  Figure 12. 
The r e a c t i o n  w a s  i n t e r r u p t e d  a t  p o i n t s  A ,  B, C and D and t h e  s u r -  
f a c e  of t h e  e l e c t r o d e  w a s  examined. A t  po in t  A t h e  s u r f a c e  had a 
t h i n  brown f i lm  as w a s  seen i n  t h e  ox ida t ions  a t  lower p o t e n t i a l s .  
A t  po in t  B a r i n g  o f  black oxide had formed a t  t h e  edge of  t h e  
e l ec t rode .  
t h e  center of t h e  e l ec t rode .  A t  po in t  D t h e  s u r f a c e  of t h e  
e l e c t r o d e  w a s  completely covered wi th  t h i s  black oxide. 
brown co lo r  i s  c h a r a c t e r i s t i c  of Ag20 and the b lack  c o l o r  
c h a r a c t e r i s t i c  of Ago. 
A t  po in t  C t h i s  b l ack  oxide r i n g  had grown i n  toward 
The 
Comparison w a s  made of va lues  f o r  charge acceptance i n  t h i s  
region measured by a )  i n t e g r a t i o n  of t h e  current- t ime p l o t s  and 
b )  reduct ion a t  cons t an t  cu r ren t .  The r e s u l t s  are given i n  
Table 4 .  These va lues  ag ree  b e s t  i n  ox ida t ions  which r equ i r ed  
a r e l a t i v e l y  s h o r t  t i m e  t o  reach t h e  background cu r ren t .  
KOH s o l u t i o n s  used were s a t u r a t e d  w i t h  Ag 0 t o  i n h i b i t  d i s s o l u t i o n  




A t  t h i s  t i m e  we  do no t  have s u f f i c i e n t  da t a  t o  suggest whether 
r e l a t i v e l y  more of t he  oxide d i s so lves  a t  t he  longer t i m e s  o r  
whether some i n t e r n a l  adjustments a r e  occurr ing within the  r eac t ion  
l aye r  
In  region V a t  t h e  p o t e n t i a l  0.636 v o l t  t he  charge acceptance 
increased  t o  100 mcoul/cm2. 
ground cu r ren t  w a s  no t  reached even a f t e r  t h ree  hours,  a t  which 
A t  t he  p o t e n t i a l  0.6606 v o l t  t h e  back- 
t i m e  t h e  e l ec t rode  showed a charge acceptance of 5557 mcoul/cm 2 . 
This i s  more than an eleven-fold inc rease  over the  charge acceptance 
observed a t  t he  second maximum (486 mcoul/cm ). 
13 t h i s  l a r g e  charge acceptance i s  accompanied by a t h i r d  cu r ren t  
maximum, The second cu r ren t  maximum corresponded t o  the  forma- 
t i o n  of Ago. This t h i r d  maximum may a l s o  be a s soc ia t ed  wi th  an 
oxide formation. A s  t h e  p o t e n t i a l  i s  increased t h e  maximum grows 
i n  magnitude j u s t  as d id  t h e  Ago cu r ren t  maximum. 
of oxygen, however, l i m i t s  i t s  growth, Figure 14. 
2 A s  shown i n  Figure 
The evolut ion 
This  l a r g e  charge acceptance i n  a r a t h e r  narrow p o t e n t i a l  
range without  oxygen evolut ion may have important impl ica t ions  
i n  the  improvement of cel ls  using t h e  s i l v e r - s i l v e r  oxide e lec t rode .  
W e  p lan t o  determine t h e  l i m i t s  of t h i s  p o t e n t i a l  region and t h e  
ex ten t  of  ox ida t ion  of s i l v e r  e l ec t rodes  i n  t h i s  region. 
Oxidation of a Model Porous Electrode 
Prel iminary experiments have been made wi th  the  model porous 
e l e c t r o d e ;  cons tan t  cu r ren t  ox ida t ions  were made a t  c u r r e n t s  
from 160 t o  240 vamps. Visual  observat ions w e r e  made of t h e  
e l ec t rode  during t h e  oxida t ions ,  and t h e  vol tages  w e r e  recorded 
continuously.  Figure 16 is  a p l o t  of the  poten t ia l - t ime curve 
18 
obtained w i t h  t h e  model porous e l e c t r o d e  a t  160 pamp app l i ed  c u r r e n t .  
When t h e  c u r r e n t  i s  f i r s t  app l i ed  t h e  v o l t a g e  r a p i d l y  rises (region 
A )  and a very t h i n  brown f i lm  i s  observed t o  cover t h e  s u r f a c e  of 
t he  s i l v e r  w i r e s  deep i n t o  t h e  c a p i l l a r y  (at  least  2 em). I n  region 
B t h e  c u r r e n t  i n c r e a s e s  l i n e a r l y  wi th  t i m e  and a da rk  brown oxide 
(Ag20) grows l o n g i t u d i n a l l y  i n t o  t h e  pore. 
t h e  vo l t age  i s  probably caused by t h e  inc rease  i n  e l e c t r o l y t e  
r e s i s t a n c e  as t h e  r e a c t i o n  proceeds deeper i n t o  t h e  pore. There 
w a s  no observable change i n  region C. The l i n e a r  region D i s  
cha rac t e r i zed  by f u r t h e r  growth of t he  dark brown and t h e  appearance 
of a black oxide (Ago) a t  t h e  open end. This black oxide grows 
i n t o  t h e  pore. The b l ack  oxide i s  n o t  v i s u a l l y  apparent during 
t h e  f i r s t  minute o r  s o  of region D. The brown and b l ack  oxides 
appear t o  grow a t  t h e  s a m e  ra te .  The maximum depths reached 
The l i n e a r  i nc rease  i n  
i n t o  t h e  pores by Ag20 and Ago were about 10 mm and 4 mm by t h e  
t i m e  of oxygen evolut ion.  In region E t h e  evolut ion of oxygen i s  
c l e a r l y  ev iden t .  
S E C T I O N  I11 
THE EFFECTS OF APPLIED STRESSES 
ON THE OXIDATION OF SILVER 
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In t roduct ion  
I n  t h e  l a s t  q u a r t e r l y  r e p o r t  w e  descr ibed  an experiment t o  d e t -  
I n i t i a l  d a t a  
1 
ermine t h e  e f f e c t  of tens ion  on charge acceptance.  
which w e  repor ted  ind ica t ed  l i t t l e  i f  any e f f e c t  bu t  t h e  r e s u l t s  were 
somewhat unce r t a in  because,  1) va r ious  cu r ren t  d e n s i t i e s  were used 
and,2) t h e  charge acceptance dur ing  a given cyc le  appeared t o  be 
dependent upon how f a r  i n t o  t h e  second oxida t ion  p l a t eau  t h e  previous 
cyc le  has  been allowed t o  proceed. 
I n  t h i s  r e p o r t  t h e  e f f e c t  of an oxida t ion  p a s t  t h e  f i r s t  ox ida t ion  
p l a t e a u  upon subsequent cyc le s  i s  descr ibed  and conclus ive  r e s u l t s  
of t h e  e f f e c t  of t ens ion  on charge acceptance are presented.  
The e f f e c t  of t o r s i o n  on charge acceptance is  repor ted .  
Experimen t a  1 
The appara tus  used i n  t h e  t ens ion  experiments is  t h e  same a s  
1 t h a t  descr ibed  i n  t h e  t h i r d  q u a r t e r l y  r epor t .  This  appara tus  w a s  
modif ied f o r  t h e  s tudy  of t h e  e f f e c t  of t o r s i o n  by f a s t en ing  t h e  top  of 
t k  silver w i r e  e l e c t r o d e  t o  a swivel  i n s t e a d  of t o  a s t a t i o n a r y  beam. 
This allowed t h e  w i r e  t o  be twis ted  any amount up t o  t h e  breaking 
p o i n t  of  t h e  w i r e .  The w i r e  w a s  clamped j u s t  below the ce l l  t o  l i m i t  
t h e  t o r s i o n  t o  t h e  p a r t  of the w i r e  i n  t h e  ce l l  and above t h e  cell .  
A two pound weight w a s  app l i ed  t o  t h e  e l e c t r o d e  t o  keep i”t s t r a i g h t  
and centered  i n  t h e  ce l l  dur ing  r eac t ion .  
2 A c u r r e n t  d e n s i t y  of 1.0 mamp/cm was used f o r  a l l  experiments. 
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The e l e c t r o l y t e  used w a s  0.1 M KOH thermostat ted t o  2O.O0C and 
w a s  renewed j u s t  p r i o r  t o  beginning t h e  c y c l i n g  of  a f r e s h  e l e c t r o d e .  
The e l e c t r o d e s  were prepared by c lean ing  w i t h  a b r a s i v e  c l e a n s e r  and 
e t ch ing  w i t h  6 M UNO3 f o r  5 t o  10 seconds. 
does n o t  g ive  r ep roduc ib le  s u r f a c e  areas bu t  does i n s u r e  t h a t  t h e  
1. 
This method of  c l ean ing  
s u r f a c e  i s  c l ean  and w i l l  react uniformly. The comparison of 
p l a t e a u  lengths  wi th  and without  t ens ion  (o r  t o r s i o n )  i s  made from 
d a t a  c o l l e c t e d  from experiments w i th  t h e  same e l ec t rode .  Therefore,  
t h e  a b s o l u t e  s u r f a c e  area i s  n o t  important as long as t h a t  s u r f a c e  
area does n o t  change as a r e s u l t  of d i r t y  areas beginning t o  react 
i n  t h e  course of t h e  experiment. For t h i s  reason t h e  i n i t i a l  
length of t h e  f i r s t  ox ida t ion  p l a t eau ,  C w i l l  vary from one s e t  
of d a t a  t o  another .  S imi l a r ly  t h e  s l o p e  of t h e  curve of C vs. 
run number w i l l  vary.  
1’ 
1 
Any e f f e c t  of t ens ion  (or t o r s i o n )  on charge 
acceptance,  however, w i l l  appear as a break i n  t h e  curve. 
Resu l t s  and Conclusions 
The E f f e c t  of Tension on Charge Acceptance 
The study of t ens ion  which was r epor t ed  i n  t h e  t h i r d  q u a r t e r l y  
r e p o r t  has  been concluded. 
by repeated ox ida t ion  t o  t h e  end of t h e  f i r s t  p l a t eau  and reduct ion 
t o  t h e  evo lu t ion  of hydrogen. Figure17 a)shows t h e  e f f e c t s  of cyc l ing  
a f r e s h  e l e c t r o d e  60 t i m e s  be fo re  applying tension. Run numbers 
1 7 ,  30 
Runs 18, 31 and 34 ( t h e  subsequent ox ida t ions )  show t h e  l a rge ,  
temporary i n c r e a s e s  i n  f i r s t  oxidat ion p l a t eau  lengths  which w e  
S i l v e r  w i r e  e l e c t r o d e s  w e r e  cycled 
and 33 w e r e  allowed t o  a x i d i z e  t o  t h e  evolut ion of oxygen. 
repor ted  previous ly?  Within t h r e e  o r  four  cyc le s  a f t e r  t h i s  
ox ida t ion  t o  t h e  evolu t ion  of oxygen t h e  f i r s t  p l a t eau  lengths  
again re turned  t o  t h e  pred ic ted  values .  
shows an average i n c r e a s e  i n  C 
The s lope  of t h e  curve 
of 0.02 minutes pe r  cycle .  1 
The w i r e  e l e c t r o d e  was cycled 60 t i m e s  wi thout  tens ion  and 
then p rogres s ive ly  more tens ion  was appl ied .  
value of tens ion  were run,  followed by two cyc le s  without  weights.  
These groups are shown i n  Figure 17h) f o r  2, 4, 5 ,  6 ,  7 and 7.5 pounds. 
The w i r e  broke dur ing  t h e  f i r s t  ox ida t ion  cyc le  a t  7.5 pounds. 
i nc rease  o r  decrease  i s  demonstrated by cyc l ing  under tension.  
Four cyc les  a t  each 
No 
Breaks i n  the  curve caused by oxida t ion  of t h e  e l ec t rode  
beyond C 
a l lowing no c y c l e  t o  proceed more than f i v e  seconds i n t o  t h e  
second oxida t ion  p la teau .  
app l i ed  tens ion  and then weights  were added a s  before .  
i s  a graph of t h e  r e s u l t s .  Again no inc rease  o r  decrease r e s u l t e d  
from t h e  tension.  Elongation was pronounced f o r  e l ec t rodes  which 
had been sub jec t ed  t o  7 pounds of tension.  
were avoided by our  us ing  f r e s h l y  cleaned e l ec t rodes  and 1 
The f i r s t  25 cyc le s  w e r e  made without  
Figure 1-7 b )  
The Ef fec t  of Torsion on Charge Acceptance 
Wire e l e c t r o d e s  were cycled wi th  a cons tan t  tens ion  t o  demon- 
s t ra te  t h e  e f f e c t  t o r s i o n  has  on charge acceptance,  The f i r s t  15 
cyc le s  were run wi th  no t o r s i o n  and then t h e  e l e c t r o d e  was cyc led  
3 t i m e s  each wi th  0.5, 1, 2, 3 ,  4.5, 6.5,  and 8.5 t u rns .  The 
length  of C1 f o r  each cyc le  i s  p l o t t e d  i n  Figure 18. 
no t  found t o  have any e f f e c t  on t h e  charge acceptance during C 
even though n o t i c e a b l e  deformation of  t h e  w i r e  w a s  caused by t h e  
t w i s t i n g  . 
Torsion w a s  
1 
2 1  
. .  
When t h e  e l e c t r o d e  w a s  r e l e a s e d  a f t e r  being cycled a t  8.5 
t u r n s  i t  unwound only one turn.  This shows t h a t  t h e  t w i s t i n g  
f o r c e  produced a l a r g e  amount of  permanent deformation o r  shea r  
and only a s m a l l  amount of  t r u e  t o r s i o n  under t h e  cond i t ions  of 
our  experiment. 
Summary 
We conclude from our experiments w i th  t ens ion  and t o r s i o n  
t h a t  t h e  charge acceptance of s i l v e r  w i r e  does no t  i nc rease  o r  
decrease as  a r e s u l t  of app l i ed  tension o r  t o r s i o n  during t h e  




Data Obtained by Cycl ic  Current-Step (C.C.S.) Method from Figure 3.  
2 Square Wave Peak t o  Peak Current  Density = 1.26 ma/cm , d.c 
0 
Oxidizing Current  Density = 3.1 ma/cm2. Temperature 25 C. 











T i m e  Along F i r s t  

































The Maximum Oxide Film Resistances Measured 
During the Ag20 4 Ago Plateau 
Number of kOH] Charging Time Resistance 
Previous Cycles moles/a (min ) Ohm*Ch2 
4 10.9 2.47 <O. 16 
4 5.43 9.47 5.15 
4 1.09 7.65 2.44 
4 0.109 2.02 0.27 
4 0.0543 1.48 0.31 
0 1.09 2.34 0.35 
1 1.09 3.29 0.97 
2 1.09 3.96 1.51 
3 1.09 4.32 2.09 
4 1.09 4.5% 2.14 
Table 3 
Charge Acceptance as a Function of Applied P o t e n t i a l  
25 
Pot en t i a  1 












































(Constant Through a S p e c i f i c  Oxidation) 
E lec t rode  Type 
f = f o i l  











































w o r  f 
Charge Acceptance T i m e  Required t o  
per  u n i t  area Reach Background 
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oxygen evo lu t ion  
9f 
A f t e r  180 minutes t h e  c u r r e n t  was s t i l l  several t i m e s  background 
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genera t o r  0 s c  i l l i s  cope 
I I I  
I 
c u r r e n t  
~ 




- a -  
+ 
To square wave generator  
I-- 
c y l i n d r i c a l  platinum 
counter  e l e c t r o d e  
Ag wire working e l e c t r o d e  
Fig, L .  -- Modified e . c . s .  apparatus .  a )  c i r c u i t  diagram 





Capi l l a ry  i n  w a l l  
of c y l i n d r i c a l  
S e a l  
Oxide 
I 
Recorder - :onstant Current + 
Power Supply 
4 
Fig. 2. -- Apparatus f o r  charge acceptance da ta  from which t h e  
va lues  of t h e  ra2j-o r = Q y L  ,Qtota, were determined. 
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Fig. 3. -- Typica l  p l o t s  of' C.C.S. measurements. l'he 
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Time  a long f i r s t  p id t eau  (minutes) 
"J 
Plg.4.  -- Plot of io versus time along first oxidation plateau, with corresponding 
points marked on the potential-time curve shown below. 
correspond t o  t h e  run numbers i n  Table 1. 
The numbers 
0 evolu t ion  2 - 
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Amlie, ERuetschi, J. Elec t ro-  
chem. z. 103, 725, 1960. -
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2nd cyc le  
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Fig. 5. -- Comparison of  oxide l a y e r  r e s i s t a n c e  curves wi th  p o t e n t i a l  
time curve. 
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Fig. 6 .  -- The r e s i s t a n c e  versus  time curves f o r  t h e  ox ida t ion  aiid reduct ion 02 
si lver  i n  10.9 - 0.543 F KOH. A l l  r e s i s t a n c e  curves are  normalized 
t o  t h e  po ten t i a l - t ime  curve a t  t h e  top ,  
F i r s t  
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Fig. 7. -- The r a t i o ,  r ,  p l o t t e d  a g a i n s t  % of second plateau.  
The 1.09 F KOH i n  A w a s  reused i n  success ive  r 
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L I Z .  8. -- P l o t  of charge acceptance p e r  u n i t  area versus app l i ed  p o t e n t i a l .  






























- - --. 
I I I I 
0 
C-L 
0 0 0 
v3 L n  " 0 m 0 cu 0 rl 
I I I I -I- 
0 0 0 0 0 0 O 












(a 1 (b 1 
Pig. 15. -- (a )  Model pore c a p i l i a r y  e l e c t r o d e  ( s ide  vie?:.) 
( b j  End view o f  model pore showing arrr.rigerr!er:t of 







Fig. 16. -- Potent ia l - t ime curve f o r  oxidat ion i n  a model pore 
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